The insulin-like growth factor receptor (IGF-IR) and insulin receptor are either overactivated and/or overexpressed in a wide range of tumor types and contribute to tumorigenicity, proliferation, metastasis, and drug resistance. Here, we show that BMS-554417, a novel small molecule developed as an inhibitor of IGF-IR, inhibits IGF-IR and insulin receptor kinase activity and proliferation in vitro, and reduces tumor xenograft size in vivo. In a series of carcinoma cell lines, the IC 50 for proliferation ranged from 120 nmol/L (Colo205) to >8.5 Mmol/L (OV202). The addition of stimulatory ligands was unnecessary for the antiproliferative effect in MCF-7 and OV202 cells. BMS-554417 treatment inhibited IGF-IR and insulin receptor signaling through extracellular signal-related kinase as well as the phosphoinositide 3-kinase/Akt pathway, as evidenced by decreased Akt phosphorylation at Ser 473 . At doses that inhibited proliferation, the compound also caused a G 0 -G 1 arrest and prevented nuclear accumulation of cyclin D1 in response to LR3 IGF-I. In Jurkat T-cell leukemia cells, this agent triggered apoptotic cell death via the mitochondrial pathway. BMS-554417 was orally bioavailable and significantly inhibited the growth of IGF1R-Sal tumor xenografts in vivo. BMS-554417 is a member of a novel class of IGF-IR/insulin receptor inhibitors that have potential clinical applications because of their antiproliferative and proapoptotic activity in vitro and in vivo. (Cancer Res 2006; 66(1): 362-71) 
Introduction
The insulin-like growth factor (IGF) system contains two receptor tyrosine kinases that are involved in propagating mitogenic signaling. The IGF receptor (IGF-IR) mediates proliferation when activated by the stimulatory ligands IGF-I and IGF-II (1) (2) (3) . The insulin receptor is also a key component of the IGF signaling pathway. Although the classic insulin receptor isoform B only binds insulin and elicits metabolic effects, insulin receptor isoform A binds IGF-2 in addition to insulin and initiates mitogenic signaling (4) . In normal cells, activation of IGF-IR and insulin receptor is tightly regulated by the action of IGF binding proteins (IGFBP) and the nonstimulatory receptor IGF-IIR. Dysregulation of the IGF-I system has been implicated in the proliferation of numerous neoplasms, including multiple myeloma, as well as breast, prostate, colon, ovarian, and lung cancers (5, 6) . IGF-I signaling also seems to play a vital role in malignant transformation, metastasis, angiogenesis, and the development of resistance to clinically useful anticancer treatments, including hormonal agents, biological growth factor inhibitors, radiation, and cytotoxic chemotherapy (7) (8) (9) (10) (11) (12) (13) .
According to current understanding, activation of IGF-IR and insulin receptor antagonizes apoptotic cell death. In particular, signaling by these receptors activates the serine/threonine kinase Akt, which phosphorylates a series of polypeptides that regulate both of the major caspase activation pathways (14) . Akt-mediated inhibition of the mitochondrial pathway reflects phosphorylation and sequestration of the proapoptotic Bcl-2 family member Bad (15) , altered synthesis of microtubule-associated BH3 only protein Bim (16) , effects on other mitochondrial polypeptides that regulate cytochrome c release (17) , and possible modification of procaspase-9 (18) . Due to its critical role in IGF-I-mediated mitogenesis and inhibition of apoptosis, the IGF-IR has been a major focus for the development of novel anticancer therapies. Inhibition of the IGF-IR by a variety of strategies has shown activity in a wide range of hematologic and solid tumors in vitro and in vivo (19) . Although the insulin receptor plays a critical stimulatory role in the IGF-I system, most strategies have been deliberately designed for selectivity against the IGF-IR and not the insulin receptor, due to potential metabolic consequences of inhibiting the latter. However, emerging data suggest that elevated levels of insulin receptor isoform A and IGF-II in certain cancers may establish an autocrine growth loop (6, (20) (21) (22) . In addition to proliferative effects, the insulin receptor may influence migration, differentiation, and survival (4, (22) (23) (24) . Furthermore, IGF-IR and insulin receptor isoform A can form hybrid receptors that bind IGF-I and IGF-II at physiologic concentrations, suggesting that inhibition of both receptors may necessary for inhibiting IGF-mediated proliferation (4, 20) .
Here, we report the effects of BMS-554417, a member of a class of inhibitors identified as part of a drug discovery program aimed at developing small molecule inhibitors of the IGF-IR. BMS-554417 inhibits both the insulin receptor and IGF-IR with similar potency in both cell-free and intact cell assays. Further analysis indicates that BMS-554417 affects cell proliferation by inhibiting Akt and extracellular signal-related kinase (ERK) activation and prevents nuclear accumulation of cyclin D1 at the G 1 -S transition as well as inducing apoptosis via the mitochondrial pathway. BMS-554417 administered orally also has significant activity in vivo and leads to temporary hyperglycemia at efficacious doses (25) . ) from Cell Signaling Technology; IGF-IRh and focal adhesion kinase (FAK) from Upstate Biotechnology; and insulin receptor h-subunit (29B4) from Santa Cruz Biotechnology. Monoclonal antibody to poly(ADP-ribose) polymerase-1 (PARP-1) was a kind gift from Guy Poirier (Laval University, Ste-Foy, Quebec). Peroxidase-coupled secondary antibodies were supplied by Pierce (Rockford, IL). Fluorescein-labeled affinity purified antibody to rabbit IgG was supplied by KPL (Gaithersburg, MD).
Kinase assays. To assess the specificity of BMS-554417, the activities of various baculovirus-expressed kinases were assayed by measuring the incorporation of radiolabeled ATP into synthetic peptides or protein substrates. The reactions were done in 96-well plates and included relevant kinase, substrate, ATP, and appropriate cofactors at concentrations optimized for each individual kinase. Reactions were stopped by the addition of trichloroacetic acid. After the precipitates were collected onto GF/C unifilter plates (Packard Instrument Co., Meriden, CT) using a Filtermate universal harvester (Packard Instrument), the filters were quantitated using a TopCount 96-well liquid scintillation counter (Packard Instrument). The ability of BMS-554417 to inhibit each kinase was determined by comparing counts incorporated in the presence of various concentrations of compound with those incorporated in the absence of compound. The concentration of BMS-554417 that achieved IC 50 of each kinase activity was calculated from nonlinear regression analysis using GraphPad Prism version 3.00 for Windows (GraphPad Software, San Diego, CA).
Cell cultures. MCF-7 breast cancer cells from American Type Culture Collection (ATCC, Manassas, VA) were cultured in DMEM containing penicillin (100 units/mL), streptomycin (100 Ag/mL), sodium pyruvate (1 mmol/L), and 10% FBS. The OV202 epithelial ovarian cancer cell line was derived from a primary tumor specimen as described previously (20) and propagated in MEM containing penicillin (100 units/mL), streptomycin (100 Ag/mL), and 10% FBS. The above media constituted ''complete'' media. Serum-deficient or serum-free media were prepared as above but contained 1% and 0% FBS, respectively. Jurkat human T-cell leukemia cells were a gift from Paul Leibson (Mayo Clinic, Rochester, MN). I2.1 cells, which lack FADD (26), were purchased from ATCC. JB-6 cells, which lack caspase-8 and overexpress Bcl-2 (27), were kindly provided by Shigekazu Nagata (Kyoto University, Kyoto, Japan). To derive Bcl-x L overexpressing clones, Jurkat cells were transfected with the plasmid spleen focus-forming virus (SSFV)/Bcl-x L (a gift from Andrew Badley, Mayo Clinic), which contains the Bcl-xL cDNA behind the SSFV long terminal repeat, using a BTX 820 square wave electroporator operating at 240 V for 10 milliseconds. After a 48-hour incubation to allow transgene expression, cells were selected in 400 Ag/mL G418 and cloned by limiting dilution. Expression of Bcl-x L in various clones was assessed by immunoblotting. Jurkat cells and their variants in log-phase culture were diluted to 1.2 Â 10 5 /mL in RPMI 1640 containing 15% FCS, 100 units/mL penicillin G, 100 Ag/mL streptomycin, and 2 mmol/L glutamine. Cell lines used in Fig. 2C were obtained from ATCC and cultured per supplied protocols.
-tetrazolium (MTS) assays were done as previously described with modifications (28) . Cells grown to 70% to 80% confluence were trypsinized and seeded at 5,000 per well in a 96-well plate in complete medium overnight. The medium was then changed to serumdeficient medium containing either the growth factor diluent (10 mmol/L HCl/0.1% BSA), LR3 IGF-I (10 nmol/L), or insulin (10 nmol/L) and increasing concentrations of BMS-554417 for 72 hours at 37jC. Three or four replicate wells were exposed to each condition. Untreated cells served as controls. Plates were then assayed using the CellTiter 96 MTS/ Proliferation Assay kit according to the product manual. Absorbance was read at 570 nm, and cell numbers were calculated against a standard curve. Experiments were repeated at least four times.
Thymidine incorporation assay. Cells were plated in 96-well plates and, 24 hours later, were exposed to a range of drug concentrations. After 72 hours at 37jC, cells were pulsed with 4 ACi/mL [6- 3 H]thymidine (Amersham Pharmacia Biotech, Little Chalfont, United Kingdom) for 3 hours, trypsinized, harvested onto UniFilter-96, GF/B plates (Perkin-Elmer, Boston, MA), and counted on a TopCount.NXT (Packard Instrument) scintillation counter. Results are expressed as an IC 50 , which is the drug concentration required to inhibit cell proliferation by 50% compared with that of untreated control cells.
Western blotting and immunoprecipitation. Cells grown to 70% to 80% confluence were switched to serum-free medium for 24 hours. Replicate plates were then exposed to serum-free medium, DMSO, or BMS-554417 for 1 hour at the approximated IC 80 Lysates were then sonicated and frozen immediately at À20jC or assayed for total protein by the bicinchoninic acid method (29) and immediately used for immunoprecipitation. For Western blotting, samples were boiled at 95jC for 15 minutes with 100 mmol/L DTT and separated by SDS-PAGE. After proteins were transferred to nitrocellulose or polyvinylidene difluoride, membranes were blocked for 1 hour in PBS-T/5% nonfat milk or BSA and probed overnight at 4jC with primary antibodies. After three washes in PBS-T, blots were probed with horseradish peroxidase-conjugated secondary antibody for 1 hour. After three additional washes, bands were visualized with enhanced chemiluminescence reagent (Amersham, Piscataway, NJ) on XoMAT film (Kodak, Rochester, NY).
For immunoprecipitations, 1,000 to 2,000 Ag of protein diluted to 1 mL with RIPA buffer was centrifuged at 10,000 Â g for 10 minutes at 4jC to remove cellular debris. The supernatant was precleared with 20 AL of a 50% slurry of Protein A-Sepharose and 1.0 Ag of control anti-rabbit or antimouse IgG for 30 minutes at 4jC. After samples were centrifuged at 1,000 Â g for 30 seconds at 4jC, the supernatant was removed and treated with 4 Ag of anti-IGF-IRh (Upstate Biotechnology) or 2 Ag anti-IRh (29B4; Santa Cruz Biotechnology) with 20 AL of a 50% Protein A-Sepharose slurry for 2 hours at 4jC. The immunoprecipitates were collected by centrifugation at 1,000 Â g for 30 seconds, washed twice with RIPA buffer, solubilized by boiling for 15 minutes in 4Â sample buffer/100 mmol/L DTT, loaded onto SDS-PAGE gels, and processed for Western blotting as above. Experiments were repeated at least thrice.
Cell cycle/fluorescence-activated cell sorting analysis. MCF-7 cells were grown to f70% confluence in complete medium, washed, and incubated for 72 hours in serum-free/phenol red-free medium (''free'' medium). Cells were then incubated for an additional 24 hours in serumfree medium with diluent or LR3 IGF-I (10 nmol/L) F BMS-554417 at IC 90 (5 Amol/L). After 24 hours, cells were trypsinized, washed in ice-cold PBS, pelleted by centrifugation at 600 Â g for 10 minutes, resuspended in PBS, and fixed for at least 12 hours with an equal volume of 95% ethanol. Cells were rehydrated with ice-cold PBS, treated with 1 mg/mL RNase A in 0.1% sodium citrate for 15 minutes at 37jC, stained with 50 Ag/mL propidium iodide for 15 minutes at room temperature in the dark, and immediately analyzed using a FACScan cytometer (Becton Dickinson, San Jose, CA); 20,000 events were collected and analyzed using ModFit LT software (Verify Software, Topsham, ME). Experiments were repeated at least thrice.
Immunocytohistochemistry. MCF-7 cells seeded onto sterile slides or slide chambers and were grown and treated as in the previous section. After fixation and permeabilization in acetone for 15 minutes at 20jC, slides were washed four times with PBS and blocked in TSM [150 mmol/L NaCl, 10 mmol/L Tris-HCl (pH 7.4), 10% nonfat milk, 100 units/mL penicillin, 100 Ag/mL streptomycin, 1 mmol/L sodium azide]. Slides were incubated in anti-cyclin D1 at 20 Ag/mL in TSM for 48 hours at 4jC, washed with PBS, incubated with fluorescein-conjugated anti-rabbit IgG in TSM for 1 hour at 4jC, washed again with PBS, incubated with Hoechst dye 33258 (1 Ag/mL) for 15 minutes at room temperature, mounted, and examined using a Zeiss LSM 510 Confocal Laser Scanning Microscope.
Apoptosis induction. Solid tumor cell lines were grown to 70% confluence in complete medium. After 24 hours of incubation in serumdeficient medium, cells were treated with BMS-554417 at the IC 90 concentration or diluent in serum-deficient medium for an additional 72 hours. Serum-deficient medium was used in lieu of serum-free medium to avoid serum deprivation-induced apoptosis. At the end of the treatment, adherent cells were released by trypsinization, combined with nonadherent cells, and recovered by centrifugation at 600 Â g for 5 minutes at 4jC. Samples for SDS-PAGE were washed twice with ice-cold PBS, lysed in 200 AL of 4Â sample buffer/100 mmol/L DTT, and boiled for 15 minutes at 95jC. Samples for morphologic examination were fixed for >12 hours in 3:1 methanol/acetic acid, applied to glass coverslips, stained with 1 Ag/mL Hoechst 33258 in 50 mmol/L Tris-HCl (pH 7.4 at 21jC) containing 50% (v/v) glycerol, and examined by fluorescence microscopy for apoptotic morphologic changes, such as chromatin condensation and nuclear fragmentation (30) . After addition of potential modulating agents as indicated in the figure legends, Jurkat cells were treated for 72 hours with the indicated BMS-554417 concentration or, as a control, 0.1% DMSO before examination for apoptotic morphologic changes as indicated above. Approximately 500 cells per slide were counted.
Murine tumor allograft models. IGF1R-Sal tumors were generated as previously described (31) . Briefly, f20 mg of established tumor was injected s.c. into eight nude mice per treatment group using a 13-gauge trocar and allowed to propagate to a target volume of 1,000 mm 3 as determined by caliper measurements. Treatment was initiated in each mouse once tumors reached a volume of f100 mm 3 , which was calculated using the formula (L Â W Oral glucose tolerance test. After a 2-hour fasting period, nude mice were dosed orally with vehicle with or without BMS-554417 at a single dose 4 hours before an oral glucose challenge (1 g/kg). Serum glucose was monitored at 0, 15, 30, 60, 90, and 120 minutes after glucose challenge using a blood glucometer (Elite XL, Bayer, Elkhart, IN). Serum insulin was measured at 120 minutes post glucose challenge by ELISA (INSSKR020, Crystal Chem, Downers Grove, IL).
Serum BMS-554417 determinations. After removal of plasma protein by acetonitrile extraction, samples were separated by reverse-phase highperformance liquid chromatography using a dual mobile-phase system. Upon sample injection, the mobile-phase composition changed linearly from initial [85% A (10 mmol/L ammonium formate/0.1% formic acid in water)/15% B (10 mmol/L ammonium formate/0.1% formic acid in 10% water/90% acetonitrile)] to 15% A/85% B over 2 minutes, where it was then held for two additional minutes. The resolved compound was identified and quantified using a Micromass Quattro LC tandem mass spectrometer against a standard curve.
Statistical analysis. For statistical analysis, the Student's t test was used for pairwise comparisons. Gehan's generalized Wilcoxon test was 
Results
BMS-554417 shows selectivity towards IGF-IR and insulin receptor in vitro. BMS-554417 is a 2-(4-substituted-2-oxo-1,2-dihydropyridin-3-yl)-benzimidazole derivative that has selectivity towards the IGF-IR and insulin receptor ( Fig. 1; Table 1; ref. 32) . BMS-554417 inhibited IGF-IR kinase activity with an IC 50 of 68 nmol/L. Similarly, it was also a potent inhibitor of insulin receptor and FAK kinase activity with IC 50 values of 51 and 94 nmol/L, respectively. BMS-554417 displayed z5-fold selectivity over other kinases assayed, as shown in Table 1 . The insulin receptor and IGF-IR kinases were the only receptor tyrosine kinases inhibited at submicromolar concentrations.
BMS-554417 inhibits proliferation in a dose-dependent manner and in multiple tissue types. To assess activity of BMS-554417 in tumor cell lines, the IC 50 and IC 90 concentrations were determined using MTS assays (Fig. 2) . These assays were done in the absence or presence of insulin (10 nmol/L) or LR3 IGF-I (10 nmol/L), an IGF-I analogue that activates IGF-IR irrespective of IGFBP levels (33) . MCF-7 cells exhibited a dose-dependent decrease in MTS dye reduction compared with untreated cells (Fig. 2A) . The IC 50 for this antiproliferative effect was in the submicromolar range with or without added ligands.
OV202 cells also exhibited a dose-dependent inhibition of proliferation but were 18-to 42-fold less sensitive to BMS-554417 compared with MCF-7 cells (Fig. 2B) . There was no significant difference in the sensitivity of OV202 cells to BMS-554417 in the presence of either LR3 IGF-I or insulin versus no growth factor at any concentration tested.
In a panel of human tumor cell lines, the IC 50 of BMS-554417 ranged from 146 nmol/L to 2.21 Amol/L (Fig. 2C) . Although differential sensitivity was seen among the different tumor types, the colon cancer cell lines tested were relatively more sensitive as a group. The sarcoma and breast cancer cell lines tested had a greater than a log-fold range in sensitivity as measured by thymidine incorporation. The prostate cancer cell lines showed a nearly log-fold range of sensitivity.
BMS-554417 inhibits IGF-IR and insulin receptor phosphorylation in intact cells. To show the ability of BMS-554417 to inhibit the activity of the IGF-IR and insulin receptor tyrosine kinase in intact cells, receptor phosphorylation was examined in the presence or absence of drug and stimulatory ligands (Fig. 3) . IGF-IR and insulin receptor were immunoprecipitated from treated cells and analyzed by Western blotting using a phosphotyrosine-specific antibody. In MCF-7 cells (Fig. 3A) , there was no detectable phosphorylation of the immunoprecipitated IGF-IR and insulin receptor without the addition of growth factors. However, in the presence of growth factors LR3 IGF-I (10 nmol/L) or insulin (25 nmol/L), there was detectable phosphorylation of the IGF-IR and insulin receptor, respectively. The phosphorylation of IGF-IR and insulin receptor by their cognate ligands in the presence of BMS-554417, but not DMSO, was inhibited to nonstimulated levels. There was no change in the amount of IGF-IR or insulin receptor immunoprecipitated between the various treatment groups as determined by Western blotting for total receptors. In OV202 cells (Fig. 3B) , there was no detectable phosphorylation of the immunoprecipitated insulin receptor in the presence or absence of growth factors (up to 50 nmol/L), which is consistent with previous data (20) . There was detectable phosphorylation of the IGF-IR in cells that were incubated in serum-free medium. The degree of IGF-IR phosphorylation increased in response to treatment with LR3 IGF-I. Phosphorylation of IGF-IR in the presence or absence of growth factors was greatly reduced in the presence of BMS-554417 but not DMSO. As observed in MCF-7 cells, there was no appreciable change in the level of IGF-IR and insulin receptor among the various treatment groups.
BMS-554417 disrupts IGF-IR and insulin receptor signaling through the ERK and Akt pathways but not through p38 or JNK. To elucidate the mechanism by which BMS-554417 inhibits proliferation, we investigated the pathways known to be important in IGF-I and insulin-induced growth and mitogenesis (2, 34) . Lysates were made from MCF-7 and OV202 cells treated with diluent or BMS-554417 in the absence or presence of LR3 IGF-I or insulin. In MCF-7 cells (Fig. 3C) , there was relatively low phosphorylation of ERK1/2 and Akt in the unstimulated state. The addition of LR3 IGF-I and, to a lesser extent, insulin resulted in an increase in ERK1/2 phosphoinositide 3-kinase-dependent kinase-1 (PDK-1)-mediated phosphorylation of Akt at Ser 473 . BMS-554417 inhibited this ligand-induced phosphorylation. In OV202 cells (Fig. 3D) , ERK1/2 phosphorylation was detectable in the unstimulated state and was not as responsive to ligand stimulation. Nonetheless, BMS-554417 also inhibited ERK1/2 phosphorylation in both unstimulated and stimulated OV202 cells. PDK-1-mediated Akt phosphorylation was barely detectable in the unstimulated and insulin-treated OV202 cells. In the presence of LR3 IGF-I, Akt phosphorylation increased. BMS-554417 inhibited both stimulated and unstimulated Akt phosphorylation. Total ERK1/2 or Akt expression was not affected by any experimental conditions tested. Akt phosphorylation at Thr 308 , which reflects phosphorylation by other kinases, was unaffected by treatment (data not shown). In both MCF-7 and OV202 cells, expression of p38 and JNK was not altered in response to LR3 IGF-I, insulin, DMSO, or BMS-554417. Phosphorylation of these kinases was undetectable after 2, 5, 10, 15, or 30 minutes of treatment (data not shown).
BMS-554417 abrogates IGF-I-mediated G 1 to S transition and nuclear accumulation of cyclin D1. IGF-I is a wellestablished mitogen that stimulates G 1 to S phase progression through phosphoinositide 3-kinase and ERK activation, increased cyclin D1 expression and nuclear localization, and retinoblastoma hyperphosphorylation (35) . To investigate the ability of BMS-554417 to interfere with functional effects of IGF-I-mediated signaling, we analyzed MCF-7 cell cycle distribution and cyclin D1 localization in response to IGF-I with and without drug. MCF-7 cells in serum-free medium were either subjected to continuous growth in serum-free medium or LR3 IGF-I stimulation in the presence or absence of BMS-554417 for 24 hours (Fig. 4A) . A small percentage of serum-deprived cells were found to be in the S phase (11.4 F 2.0%). Stimulation with LR3 IGF-I induced a significant increase in S-phase cells (45.1 F 8.8%). This S-phase increase was completely abolished by 5 Amol/L BMS-554417 (6.5 F 2.6%). Similarly treated cells were stained for cyclin D1 expression and localization (Fig. 4B) . Cells in serum-free medium expressed low levels of cyclin D1, which seemed largely excluded from the nucleus. Upon stimulation with LR3 IGF-I, there was a dramatic increase in overall cyclin D1 expression and intense nuclear staining. Upon concurrent treatment with BMS-554417, the effects of LR3 IGF-I on overall cyclin D1 staining intensity and nuclear localization were dramatically reduced.
MCF-7 and OV202 cells undergo apoptotic cell death upon BMS-554417 exposure. Because BMS-554417 treatment decreased MTS dye reduction and inhibited IGF-I-induced activation of Akt, a kinase that regulates apoptosis in a number of ways (14), we investigated whether BMS-554417 treatment could initiate apoptosis. MCF-7 and OV202 cells were incubated in serum-free medium in the absence or presence of BMS-554417. After treatment, both adherent and nonadherent cells were collected and subjected to Western blotting with antibodies to PARP-1, a caspase substrate that is cleaved in A and B, cells were lysed and the IGF-1R or insulin receptor (IR ) was immunoprecipitated as described in Materials and Methods and probed using IGF-1Rh or IRh antibodies and phospho-specific antibodies against phosphotyrosine. C and D, cells were lysed and processed for Western blotting for total/phospho-specific ERK1/2 and total/ phospho-specific Akt as described in Materials and Methods. Blots were probed for actin as a loading control.
a variety of cells undergoing apoptosis (Fig. 5A) or examined for apoptotic morphologic changes ( Fig. 5B; refs. 36-38 ). Both MCF-7 and OV202 cells exhibited PARP-1 cleavage and nuclear fragmentation in response to BMS-554417 treatment but not DMSO.
BMS-554417-induced caspase activation occurs through the mitochondrial pathway. We then decided to elucidate the biochemical pathway involved in BMS-554417-induced apoptosis. As indicated previously, IGF-IR-and insulin receptorinitiated signals can inhibit both the mitochondrial and death receptor pathways. Conversely, inhibition of IGFR1 and insulin receptor signaling might facilitate activation of either pathway. In view of recent data showing activity of IGR-1R inhibitors against leukemia (39) and the availability of a variety of isogenic Jurkat leukemia cell lines differing in expression of only one or two pathway components, studies examining BMS-554417-induced death pathway activation were done in this cell type. As shown in Fig. 6A , Jurkat cells and their variants expressed both IGF-IR and insulin receptor. MTS assays showed that BMS-554417 exhibited dose-dependent antiproliferative effects in parental Jurkat cells with and IC 50 of 9 F 1 Amol/L (n = 7; Fig. 6B ). After 72 hours of drug treatment, the percentage of cells with apoptotic morphologic changes (illustrated in Fig. 6C , inset) also increased in a dose-dependent manner (Fig. 6C) . To assess the possibility that induction of apoptosis reflected BMS-554417-induced activation of the death receptor pathway, Jurkat cells were treated with BMS-554417 in the presence of Nok1, a neutralizing antibody to Fas ligand (40); a death receptor 5:Fc fusion protein, which blocks TRAIL-induced receptor activation (41, 42) ; or the caspase-8-selective inhibitor IETD(OMe)-fmk, which inhibits the death receptor pathway preferentially at low concentrations (41) . None of these treatments inhibited BMS-554417-induced apoptosis in Jurkat cells. However, treatment with the broad-spectrum caspase inhibitor ZV4D (OMe)-fmk inhibited the induction of apoptosis in Jurkat cells treated with BMS-554417 ( Fig. 6D; ref. 43 ). Consistent with these results, a Jurkat variant lacking expression of FADD (I2.1 cells), the adaptor required for death receptor-initiated caspase activation (44) , remained sensitive to BMS-554417 (Fig. 6E) . In contrast, forced overexpression of Bcl-2 (JB-6 cells) or Bcl-x L (5B4 cells) markedly diminished sensitivity to BMS-554417-induced apoptosis in Jurkat cells ( Fig. 6E; refs. 45, 46) . Collectively, these results suggest that BMS-554417 induces apoptosis in Jurkat cells by a process that does not involve Fas ligand, TRAIL, or FADD but does involve the mitochondrial pathway of caspase activation.
BMS-554417 shows activity in vivo. To investigate the activity of BMS-554417 in vivo, we used a mouse allograft model (IGF-IR Sal) that expressed a consitutively activated IGF-IR (31) . Fourteen days after s.c. implantation of IGF-IR Sal tumor fragments, mice were treated with vehicle in the absence or presence of BMS-554417 at 200 mg/kg/dose. This resulted in significant antitumor activity as measured by decrease in days to target volume (19.3 versus 35.5, P = 0.0004) and mean tumor volume at days 17 to 28 (Fig. 7A) . The concentration of BMS-554417 (mean F SD) detected in the serum of treated mice at 6 hours after administration was 30.0 F 4.16 Amol/L. This concentration was significantly higher than the IC 50 of the most resistant cell line tested (OV202, P = 0.0007).
To evaluate the acute metabolic effects of BMS-554417 in vivo, we did an oral glucose tolerance test (OGTT) on mice treated with vehicle alone or with BMS-554417 at 200 mg/kg (Fig. 7B) . Before administration of the glucose load, there was a small but statistically significant increase in serum glucose in response to BMS-554417. Upon administration of the glucose load, there was an increase in serum glucose that remained significantly higher in the BMS-554417-treated animals than vehicle controls for 30 minutes. At 2 hours after glucose load, the serum insulin level (mean F SD) was significantly elevated in BMS-554417-treated animals (67.7 F 10.3 ng/mL) compared with control (0.152 F 0.0779 ng/mL, P = 0.0001).
Discussion
BMS-554417 is the first dual-kinase small-molecule inhibitor of the IGF-IR and insulin receptor to show antiproliferative and proapoptotic activity in multiple cell types. The inhibition of IGF-IR and insulin receptor phosphorylation in treated cells was consistent with the similar degree of potent inhibition of the IGF-IR and insulin receptor in cell-free kinase assays. It seemed that inhibition of both kinases occurred without down-regulation of IGF-IR or insulin receptor protein expression. BMS-554417 had antiproliferative effects in multiple cancer cell line types and did not seem to require the addition of stimulatory ligands for this effect in MCF-7 or OV202 cells.
Using in vitro kinase assays, BMS-554417 also seemed to be a potent inhibitor of the FAK kinase activity. To test the ability of BMS-554417 to inhibit FAK in intact cells, we measured FAK phosphorylation at Tyr 397 , which is the major FAK autophosphorylation site and is important for FAK catalytic activity, binding of SH2 and Src family kinases, activation of focal adhesion proteins, and binding of the FAK-binding proteins Cas and Paxillin (47) . Surprisingly, at doses that inhibited proliferation in MCF-7 and OV202 cells, BMS-554417 did not seem to affect the phosphorylation of FAK at Tyr 397 in treated cells (data not shown). FAK expression and phosphorylation at Tyr 397 was also not detectably altered by the presence of LR3 IGF-I or insulin (data not shown). Thus, under the conditions investigated in MCF-7 and OV202 cells, FAK may not be playing a major role in IGF-I signaling. It is conceivable that in other models where FAK plays a significant role in IGF-I or insulin-mediated signaling, an inhibitory effect may be observed (48) . Alternatively, the recombinant FAK fragment used in the in vitro kinase assays may have a conformation and selectivity that differs from the native enzyme, as has been observed in similar studies with kinase inhibitors (49) .
Consistent with the known role of the IGF-I system in cancer cells, treatment with BMS-554417 resulted in inhibition of ERK1/2 and Akt phosphorylation, diminution of IGF-I-mediated proliferation, and stimulation of apoptosis. Because ligation of IGF-IR and insulin receptor leads to activation of the serine/threonine kinase Akt, which can inhibit both the death receptor and mitochondrial pathways (14) , it was not clear how treatment with BMS-554417 might lead to apoptosis. On one hand, inhibition of IGF-IR and insulin receptor signaling could potentially lead to increased expression of Fas ligand (50) , which could induce caspase activation through the Fas receptor in an autocrine or paracrine fashion (51) (52) (53) (54) . Treatment of Jurkat cells with a variety of agents that inhibit the death receptor pathway, including the blocking antibody Nok-1 and the caspase-8-selective inhibitor IETD(OMe)-fmk, failed to inhibit BMS-554417-induced apoptosis (Fig. 6D) . Likewise, loss of FADD expression failed to affect BMS-554417-induced apoptosis (Fig. 6D) . Collectively, these results argue that BMS-554417-induced activation of death ligand expression is unlikely to be a major cause of the cytotoxicity induced by this agent. In contrast, overexpression of Bcl-2 or Bcl-x L markedly diminished the cytotoxicity of BMS-554417 (Fig. 6E) . These results not only suggest that BMS-554417 is inducing apoptosis in Jurkat cells by activating the mitochondrial pathway but also identify a potential mechanism of resistance to this agent.
At the most effective dose of BMS-554417 tested (200 mg/kg), transient hyperglycemia and supraphysiologic elevations of secreted insulin was observed. At lower doses of 80 and 120 mg/kg, we did observe modest increases in insulin (2.82 F 0.950 and 5.97 F 1.64 ng/mL, respectively), but this was not associated with hyperglycemia was not observed (data not shown). These results suggest that mice hypersecrete insulin in response to BMS-554417 as a compensatory mechanism. At increasing drug doses, it seems a critical threshold is reached, overwhelming this adaptive mechanism and hyperglycemia ensues. This phenomenon could Points, mean tumor volumes of eight animals; bars, SE. *, P < 0.005; **, P < 0.001; c, P < 0.0005. B, after a 2-hour fasting period, mice were dosed orally with vehicle alone (polyethylene glycol 400/distilled water, 80:20) or BMS-554417 at 200 mg/kg in a single dose 4 hours before glucose challenge (1 g/kg). Serum was collected as described in Materials and Methods and analyzed for glucose, insulin, and BMS-554417. Points, mean of five mice; bars, SE. *, P < 0.05; **, P <0.005. be used as a marker of a target effect of BMS-554417. Because this was a single-dose study, it is unclear if chronic exposure to BMS-554417 would cause more prolonged hyperglycemia or other adverse metabolic consequences. On the other hand, no weight loss was observed in the cohort of mice treated at the 200 mg/kg dose level. Further studies will be needed to define this potentially compensatory mechanism. In summary, BMS-554417 represents a member of a novel class of potent dual-kinase inhibitors of the IGF-IR and insulin receptor. Due to the dependence of multiple hematologic and nonhematologic malignancies on the IGF-I system for proliferation and inhibition of apoptosis, members of this drug class represent a potentially promising therapy. Furthermore, due to the effect of the IGF-I system on resistance to standard agents used in the treatment of cancer, studies combining dual-kinase inhibitors of the IGF-I system, such as BMS-554417 with chemotherapy, biological and hormonal agents, or radiation, might represent interesting combinations for future preclinical investigations.
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